Abstract-Low-power cryogenic low-noise amplifiers (LNAs) are desired to ease the cooling requirements of ultra-sensitive cryogenically cooled instrumentation. In this paper, the tradeoff between power and noise performance in silicon-germanium LNAs is explored to study the possibility of operating these devices from low supply voltages. A new small-signal heterojunction bipolar transistor noise model applicable to both the forward-active and saturation regimes is developed from first principles. Experimental measurements of a device across a wide range of temperatures are then presented and the dependence of the noise parameters on collector-emitter voltage is described. This paper concludes with the demonstration of a high-gain 1.8-3.6-GHz cryogenic LNA achieving a noise temperature of 3.4-5 K while consuming just 290 W when operating at 15-K physical temperature.
of the cooling system, which, for typical closed-cycle coolers, ranges from hundreds of microwatts at a physical temperature of 100 mK [9] to 1.5 W at 4.2-K physical temperature [10] and 12 W at 20-K physical temperature [11] . Today, there are a number of emerging applications in which the power dissipation of currently available cryogenic LNAs places serious constraints on system design. These applications include terahertz heterodyne cameras, where IF amplifiers are required for large arrays of superconductor-insulator-superconductor (SIS) [12] [13] [14] or hot-electron bolometer (HEB) [15] mixers, microwave quantum computing, in which large numbers of (potentially multiplexed) qubits must be read out [16] , [17] , balloon-based instruments, in which the evaporation rate of precious liquid cryogens is directly proportional to the power dissipation of the cryogenic electronics [18] , and various experiments in fundamental physics, in which cryogenic amplifiers must be closely interfaced with devices at milli-kelvin temperatures [19] , [20] . For each of these fields, the development of amplifiers with greatly reduced power consumption would enable significant advances in the associated instrumentation.
The noise and small-signal properties of an HBT are a strong function of the quiescent collector current density , and the realization of optimum system noise performance requires biasing a device near the current density associated with the global minima of its cascaded noise temperature, [4] , [21] , [22] , where K is the reference temperature, is the noise measure, is the noise temperature, and is the available gain. Moreover, in broadband applications, the device periphery is typically constrained to a relatively narrow range of values for which the optimum generator resistance is close to 50 . Therefore, in trying to minimize the power consumption of HBT-based cryogenic LNAs, it is important to determine the minimum collector-emitter voltage that can be used.
The idea of employing a weakly saturated 1 SiGe HBT to achieve ultra-low-power amplification was proposed based on experimental observations in [23] and an X-band room-temperature LNA running from a 0.5-V supply and consuming 2.5 mW was later reported [24] . However, to the best of the authors' knowledge, no detailed study of the noise performance of SiGe HBTs at lowhas previously been carried out, nor have the theoretical performance limitations for low operation been reported. In this paper, the tradeoff between noise performance and collector-emitter voltage is examined over a wide range of 1 The weakly saturated regime describes the range of collector-emitter voltages between approximately 0.5 V and the onset of strong saturation.
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temperatures and, leveraging the resulting theoretical and experimental conclusions, a high-gain octave-bandwidth cryogenic LNA consuming less than 300 W is demonstrated. This paper is organized as follows.
1) The theoretical implications of operating at loware discussed and, based on first principles, a small-signal noise model is developed.
2) The small-and large-signal terminal characteristics of an example device are presented as a function of collector-emitter voltage and the expected impact on noise performance is discussed.
3) The small-signal noise model of an example device is extracted and the noise parameters are studied as a function of collector-emitter voltage. 4) A discrete transistor cryogenic LNA is presented and the measured performance is compared to simulation and other published cryogenic amplifier results.
II. THEORETICAL NOISE PERFORMANCE OF HBTs AT LOW
Reducing has three important consequences on device performance. First, the base-collector junction capacitance will increase with the narrowing of the base-collector depletion region. This change must be quantified and incorporated into designs, but is not expected to be detrimental to performance at frequencies below , where is the maximum frequency of oscillation of the transistor. Secondly, as the device enters the weakly saturated regime, base-collector diffusion current will result in a further increase in . As the transistor enters strong saturation, this capacitance will dominate and will ultimately limit the RF performance of the device.
The final consequence of operating at low is the generation of additional shot-noise due to the diffusion of carriers across the collector-base junction. The impact of this excess shot noise can be quantified by studying the expressions for the total base and collector currents (1) and (2) where and are the base current components flowing from the base to the emitter and from the base to the collector, respectively, and and are the forward and reverse collector current components, respectively. Expressions for the base and collector shot noise components in the weakly saturated regime can be readily written from (1) and (2), These expressions are valid in both the forward-active and saturation regimes and at frequencies well below , where standard shot-noise correlation effects between the forward-active mode currents are small and can be neglected [25] , [26] .
A small-signal noise model for a SiGe HBT on a semiconducting substrate is shown in Fig. 1 . The model can be used to describe the performance of modern SiGe HBTs in both the forward-active and saturation regimes and to frequencies in the 40-GHz region. While this frequency range is sufficient for the design of broadband microwave amplifiers, a higher order model, including base-collector capacitance splitting and forward-active mode shot noise correlation is required at millimeter-wave frequencies [27] .
Approximate expressions for the noise parameters and associated gain have been derived in the high dc current gain limit and for and . The resulting expressions (6)- (10) , shown at the bottom of the following page, are in terms of the forward-active transconductance , ideality factor , and dc current gain so that the only parameters that depend upon are the unity-current gain cutoff frequency , , , , and . Of these parameters, is expected to only display a weak dependence on . In the limiting case of and , these expressions simplify to the equations corresponding to the forward-active mode of operation.
Inspection of equations (6)- (10) reveals several mechanisms through which the noise performance may degrade at low collector-emitter voltages.
• The low-frequency value of is strongly dependent upon the dc current gain, . As the device enters the saturation regime, is expected to rapidly decrease, thereby resulting in a sharp degradation to the noise performance.
• The high-frequency value of is proportional to . While is not expected to display a significant dependence on , is expected to drop significantly as the device enters the weakly saturated regime. Therefore, a rapid rise in the high-frequency limit of is anticipated for values of for which a significant decline in is observed.
• The optimum generator impedance will tend toward a short circuit as the device enters the deep-saturation regime due to a sharp rise in base current and the associated shot noise.
• The noise resistance,
, is expected to be independent of until saturation currents begin to flow, at which point will rapidly rise as tends to zero.
• The associated gain is proportional to and inversely proportional to . Therefore, as the device enters the weak saturation regime, an increase in and the related drop in will result in a significant drop in . From the discussion above, it is evident that the terminal characteristics of a SiGe HBT can be studied to gain insight into the dependence of the noise performance on the applied collector-emitter voltage. In the following section, the dc, ac, and intermodulation characteristics of a representative HBT are reported.
III. TERMINAL CHARACTERISTICS AT LOWAn 18 0.12 m IBM BiCMOS8HP 2 transistor was characterized at 7, 77, and 300 K using a cryogenic wafer probe station. Measurements of the dc characteristics were carried out with the transistor terminated at RF to prevent oscillation. Scattering parameters were measured from 0.01 to 67 GHz using an Agilent N-5247A vector network analyzer. Parasitic effects related to the bondpads and feed-lines were removed using a pad/open/short de-embedding algorithm [28] . From previous studies, it is known that the nominal bias point for low-noise SiGe microwave amplifiers lies in the range of 0.1-2 mA m [4] . Therefore, the range of current densities presented here was selected within this range.
A. DC Characteristics
The base and collector current densities of the device were measured as a function of for fixed . Example measurement results appear in Fig. 2 . These bias points cover an order of magnitude of current densities ranging from low-to medium-injection. The collector current demonstrated a transition from saturation to the forward-active region for collector voltages in the 50-100-mV range. Slight to moderate slopes were observed in the forward-active region at all temperatures, indicating a dependence of on through the Early effect [29] , [30] . While this is expected to have only a small effect for current densities below 0.5 mA m , the dependence of on should be considered when modeling the noise performance using (4). For subsequent discussion, the variable is used to represent the value of the forward collector-current density at V. At each temperature, the base current exhibited a clear transition from forward-active mode operation to saturation as the base-collector junction became forward biased. The onset of reverse base current occurred for base-collector voltages in the range of 100-150 mV below the applied base-emitter voltages, which is explained by the high Ge content at the collector edge of the base and the comparatively lighter doping of the intrinsic collector, both of which contribute to a lower built-in potential across the base-collector space-charge region (SCR) in comparison to that of the base-emitter SCR. An interesting feature is that the sharpness of the base-collector junction turn-on (6) (7) (8) (9) (10) demonstrated a strong temperature dependence, with significantly larger deep-saturation base currents flowing at cryogenic temperatures.
B. AC Terminal Characteristics
The de-embedded scattering parameters of the 18 0.12 m SiGe HBT were obtained over a wide range of biases and used to find the unity current gain cutoff frequency and the maximum frequency of oscillation as a function of . The base-emitter voltage was held constant during the sweeps. Example results are shown in Fig. 3 . The bias points for these data correspond to those shown in Fig. 2 . For a fixed value of , a significant enhancement of was observed with cryogenic cooling. This result is consistent with previously reported results [4] , [31]- [33] and is explained by an improved transconductance at cryogenic temperatures. In the forward-active mode of operation, the curves exhibit a positive slope, which can be explained by the dependence of on . In comparison to the dc terminal characteristics, the knee voltages for the curves demonstrate a significantly stronger dependence on collector current density. This relationship is explained by the increased base voltage required to support a larger current density, resulting in a proportionally larger base-collector voltage.
A significant increase in the maximum frequency of oscillation was also observed with cryogenic cooling (Fig. 3) . Again, a slope was observed in the forward-active region of the curves due to an increase in as the base-collector voltage increased. The observed knee voltage was found to be weakly dependent on temperature and, as expected, was proportional to .
C. Nonlinearity
The impact of lowoperation on dynamic range is an important consideration for devices used in practical LNAs, which often must operate over a wide range of input signal amplitudes. The 50-output-referred third-order intermodulation intercept of the 18 0.12 m SiGe HBT was measured as a function of current density and collector-emitter voltage at 7, 77, and 300 K and example results appear in Fig. 4 . At low-current densities, the nonlinearity was only weakly dependent upon the collector-emitter voltage, provided the device was in the forward-active region. However, when the device was biased towards the medium-injection region, corresponding to collector current densities above 1 mA m , a significant degradation to linearity was observed for collector-emitter voltages as high as 400 mV.
D. Discussion
Based upon the results presented in Sections III-A-III-C, the following general conclusions can be made.
• From an aggregate analysis of dependence of the terminal characteristics on the collector-emitter voltage, it appears feasible to operate SiGe HBTs in the low-injection region with collector-emitter voltages on the order of 100-200 mV without degradation to any of the terminal characteristics.
• In general, as the current density is increased towards the medium-injection regime, a larger collector-emitter voltage is required to maintain nominal performance.
• Even in the medium-injection regime, it appears to be possible to operate with collector-emitter voltages on the order of 200 mV if linearity is not critical.
IV. DEPENDENCE OF NOISE PERFORMANCE ON
For an HBT to be used in a robust LNA, its noise parameters should be insensitive to the applied collector-emitter voltage. Therefore, the minimum permissible value of for a device targeted for a low-noise application is ultimately determined by the range of voltages for which the noise parameters and associated gain are stable. Conceptually, this range corresponds to that within which the variables appearing in (6)-(10) are insensitive to . From the results presented in Section III, it is clear that this range is dependent upon current density and extends as low as 100 mV for bias points corresponding to the low-injection regime.
To validate this intuition, the full noise model (see Fig. 1 ) was extracted as a function of both collector current density and collector-emitter voltage. These experimentally based models were then used to study the noise parameters and associated gain.
A. Noise Model Extraction and Verification
The small-signal model parameters were extracted across a wide range of current densities and collector-emitter voltages using standard parameter extraction techniques. Specifically, the emitter and collector resistances were determined using the open-collector method [34] , the collector-substrate and base-collector capacitances were found using cold-bias measurements [35] , and the remaining parameters were found using active-bias measurements [35] , [36] . The complete set of extracted model parameters appear for selected bias points in Table I . In all cases, the bias dependence of the parameters was consistent with expectation.
Example plots comparing the de-embedded 7-K measurements with extracted models appear in Fig. 5 . Excellent agreement was observed between the modeled and measured scattering parameters over a wide range of bias conditions. Similar agreement was observed at both 77 and 300 K. For verification of the noise model, the 50-noise figure of the HBT in the saturation regime was measured at room temperature using an Agilent N-5247A vector network analyzer with the vector-corrected cold source method [37] . A comparison of the measured and modeled noise figure results, referenced to the test structure bondpads, appears in Fig. 6 . Excellent agreement was observed between the predicted and measured 50-noise performance for values of as low as 50 mV.
B. Noise Parameters
Using the complete noise model of Fig. 1 , the noise parameters were computed using standard techniques [38] over a wide range of bias and at 7, 77, and 300 K.
1) Minimum Noise Temperature:
The minimum noise temperature is plotted as a function of frequency in Fig. 7 and as a function of in Fig. 8 . By cooling the transistor from 300 to 7 K, the minimum noise temperature in the forward-active regime improved by a factor of approximately 15. This improvement is consistent with previously reported results [4] , [22] . As expected, the minimum noise temperature was nearly independent of until the device became weakly saturated. It is also interesting to note that, in the saturation regime, a much sharper degradation was observed at cryogenic temperatures in comparison to at room temperature. This is related to a significantly sharper collapse in the saturation mode dc current gain and unity current gain cutoff frequency at cryogenic temperatures.
2) Optimum Generator Impedance: The optimum generator resistance and reactance are plotted as a function of in Figs. 9 and 10. As predicted in Section II, both and were found to have only weak dependence upon in the forward-active regime and to rapidly decrease in the saturation regime. The saturation-mode behavior was found to be more extreme in the case of cryogenic operation due to the increased base current.
3) Noise Resistance: The degradation in the noise performance of an amplifier that was designed for operation in the forward-active mode, but is operated in saturation, will be even greater than that of since the optimum generator impedance depends upon . The magnitude of this effect depends upon the behavior of the noise resistance as a function of . is plotted at 1 and 10 GHz as a function of in Fig. 11 . From (9), the forward-active value of is expected to be frequency independent and proportional to the physical temperature. These expectations are clearly confirmed by Fig. 11 . Moreover, since the base resistance is insensitive to , the noise resistance is expected to be independent of collector-emitter voltage until the device enters deep saturation. Referring to Fig. 11 , this expectation is also confirmed as is constant for those values of where negligible reverse currents flow. However, as the device enters deep saturation, a rapid increase in was observed due to the associated drop in . Coupled to the rapid drop in , this implies that the noise temperature of an amplifier designed for operation in the forward-active mode will rapidly deteriorate if operated well-into saturation. Fortunately, experimental measurements indicate that this behavior can be avoided by operating the transistors with greater than 100-200 mV, where the exact threshold depends upon the operational collector current density.
4) Associated Gain:
The associated gain was also determined as a function of collector-emitter voltage and example Fig. 13 . Schematic diagram of demonstration amplifier. Discrete transistors fabricated in the IBM BiCMOS8HP process were used. All inductors were realized using bond wires. The 1-F capacitors were realized using thick-film surface mount devices, whereas all other capacitances were implemented with thin-film bond-able metal-insulator-semiconductor capacitors. Standard surface mount resistors were employed for biasing and damping purposes. , where is the minimum cascaded noise temperature as a function of generator impedance. Since the minimum cascaded noise temperature quantifies the system noise performance that is achievable by an amplifier with no passive losses, this means that it is practical to realize a high-gain cryogenic amplifier with performance approaching [22] . As the device entered the saturation regime, a rapid decline in was observed. As discussed in Section II, this effect is related to an increase in and a decrease in as the device becomes saturated and is therefore more pronounced for devices operating at cryogenic temperatures. 
C. Discussion
Based upon the overall sensitivity of the noise parameters and associated gain to , the following broad statements can be made.
• The noise parameters and associated gain displayed little dependence upon provided that the device was in the forward-active region of operation. Depending upon the operational current density, the minimum collector-emitter voltage required to keep the HBT in the forward-active mode was in the range of 100-200 mV. Thus, it appears feasible to achieve optimum noise performance while operating with such values of . • All of the noise parameters deteriorate in the saturation regime. That is, and increase, whereas and shrink. This will result in a significant increase in the noise temperature of an amplifier operated in deep saturation. Thus, it is wise to set the operational point a bit above the threshold of saturation to improve robustness.
V. PROOF-OF-CONCEPT LOW NOISE AMPLIFIER
A two-stage 1.8-3.6-GHz amplifier was designed leveraging the small-signal noise models presented in Section IV. A schematic diagram of the amplifier appears in Fig. 13 . The circuit was fabricated in a hybrid approach using discrete transistors fabricated in the IBM BiCMOS8HP technology platform. Photographs of the amplifier module and a close-up of one of the discrete transistors appear in Fig. 14 .
The noise and small-signal performance of the amplifier were evaluated at 15-K physical temperature in a closed-cycle cryostat that is configured to measure the noise and small-signal performance of cryogenic amplifiers. A block diagram of the cryostat appears in Fig. 15 . The gain and noise were measured using channel A of the cryostat, which is configured to support the cold attenuator method [39] . The cryogenic noise measurement system has been calibrated to a measurement accuracy that is believed to be better than 1 K. The reference plane for these measurements was at the coaxial terminals of the amplifier. Input and output return losses were measured using channel B of the cryostat, with the calibration referenced to the coaxial feedthroughs at the cryostat wall.
Initial measurements were made at the amplifier's nominal bias point of mV, mA, and mA. The corresponding power consumption was below 290 W. The measured gain and noise performance of the amplifier are plotted alongside the predicted performance in Fig. 16(a) . The gain was greater than 27 dB and the noise temperature was between 3.4 and 5 K over the entire 1.8-3.6-GHz frequency range. These data were also found to be consistent with those predicted by simulation. The input and output reflection coefficients were measured and the results appear in Fig. 16(b) and (c). Good agreement between measurement and simulation was observed. A small discrepancy in the output return loss at higher frequencies is explained by the fact that the measurement was referred to the coaxial feedthrough at the cryostat wall and therefore included the losses of a long output cable. 3 To confirm the results presented in Section IV, the noise and gain of the amplifier were measured as a function of , while and were held at their nominal values. Measurement and simulation results are plotted in Fig. 17 at 2.5, 3 .0, and 3.5 GHz. In each case, the gain and noise were insensitive to until the supply voltage reached a value of approximately 125 mV. This corner corresponds to a power dissipation of less than 180 W and is considerably below the nominal power consumption of 290 W. Moreover, the excellent agreement between simulation and measurement The measured performance is compared to state-of-the-art cryogenic amplifier results in Table II . In comparison to other published results, the proof-of-concept amplifier has comparable gain and noise performance. However, by operating with mV, the power consumption of the amplifier is nearly an order of magnitude lower than the closest published result. 4 
VI. CONCLUSIONS
It has been shown that SiGe HBTs can operate with collector-emitter voltages in the range of 200 mV with little to no impact on the noise and small-signal performance. As a proof-of-concept, a cryogenic amplifier was demonstrated with nearly an order-of-magnitude lower power consumption compared to the state of the art. The demonstrated power savings are expected to translate to a large increase in the scalability of cryogenically cooled scientific instruments that require microwave amplifiers. For instance, the measured power consumption of just 290 W is sufficiently low to enable a practical 1000 element dual-polarization terahertz receiver system-complete with 2000 IF amplifiers-to be cooled using a single 1.5-W capacity 4.2-K coldhead. While the bandwidth of the demonstration amplifier was limited to an octave due to the use of purely reactive tuning networks, ultra-low-power amplifiers achieving much wider bandwidths can also be realized using resistive loading and capacitively coupled feedback, albeit at a small increase in dc power consumption due to potential drops across the load resistors. Logical next steps include the development of ultra-low-power SiGe cryogenic LNAs with improved bandwidth as well as the design and implementation of integrated circuit amplifiers.
